The pulse current pressure sintering and hot press process were applied for sintering of aluminum powder produced by water and gas atomizing methods. The pulse current pressure sintering process could densify the water atomized powder in a short time compared with the hot pressing because it could remove the H 2 gas at lower temperature. The gas prevents sintering of aluminium powder. The tensile strength of the pulse current pressure sintered gas atomized powder which contains low H 2 was higher than that of hot pressed specimen. The electric resistivity of sintered specimens obtained by pulse current pressure sintering process was lower than that of hot pressed specimen. The oxide layer destruction was confirmed by this measurement of electric resistivity. The oxide layers were supposed to be fractured by the high temperature region which is attributed to Joule heat by contact resistance.
Introduction
Recently, Pulse Current Pressure (PCP) sintering, which is commercially called Spark Plasma Sintering (SPS) or Plasma Activated Sintering (PAS), is expected to be a new process for sintering various kinds of materials. This system is a kind of solid compression sintering process which employs a low voltage (∼ 12 V) and a high density pulsed electric current (∼ 10 7 Am −2 ) under uni-axial pressure. Sintering is carried out at lower temperatures with a shorter period than conventional sintering processes, so the PCP process is applied for sintering, [1] [2] [3] joining 4) and surface modification 5) of various kinds of materials which need to suppress grain growth, diffusion and crystallization. 6) A variety of research [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] has been done to reveal the sintering mechanism of the PCP sintering process such as microstructure observation 7) and resistivity measurement. 8) The heating mechanism was examined by measurement of the electric current 14) and temperature measurement of the sample powder during sintering. [9] [10] [11] [12] [13] Other research studied the rate of densification to evaluate the sintering mechanism. 9, 15, 16) However, it is still unclear whether discharge between particles occurs and Joule heat generation occurs locally. 6) Nanko 9) et al. compared the densification processes between the PCP sintering process and the conventional hot press (HP) method using cast iron powder. They observed that the rate of densification of the cast iron powder for the PCP process was almost the same as that of the HP process, and the neck between the particles did not melt. However, because Al and Ti powder have a strong oxide layer, they did * 1 This Paper was Originally Published in Japanese in J. Japan Inst. Metals, 65 (2001) 726-733. * 2 Graduate Student, Toyama University. Present address: Soode Nagano CO. LTD.
not deny the assumption of Matsugi 8) et al. that discharge between the particles occurs, and Joule heating at the contact region between the particles break up the oxide layer which enhances the neck growth.
Nishimoto et al. 15) compared the densification rate of oxide dispersion strengthened alloys for the PCP sintering process with HP and a direct electric current sintering (DECS) process. They showed the densification rate of the PCP process at the diffusion-creep controlled stage was larger than that of HP and DECS. They assumed this result was due to the high temperature region at the interface of the particles. Nose et al. 17) sintered a mechanical alloyed 2Nb/Al powder by the PCP process and an electric furnace. Comparing the synthesized phase of sintered compacts between these processes, they qualitatively explained the generation of a high temperature region at the contacting points of the particles.
Thus, the proposed sintering mechanisms of the PCP process by several researchers have not been agreed to, but the effectiveness of pulsed current was partially agreed to for PCP sintering on hard sinterable alloys such as Al alloy or intermetallic compounds. 7, [15] [16] [17] In order to elucidate the effect of pulsed current, the different of heating mechanisms and oxide behaviors at the interface of the particles between the PCP and the HP process should be clarified. Under the status quo, neither the observation of breaking up the oxide layer, nor quantifiable evaluation of Joule heat at the interface of the particles has been carried out.
In this study, Al powder was sintered by two kinds of solid compression sintering processes; the PCP and the HP sintering processes. The differences of the microstructures and the mechanical properties between these methods were evaluated. Al powder is a hard sinterable material because of both the existence of an oxide layer on its surface, and the additional oxide layer generated by the reaction among Al, adsorbed water, and hydroxide. 18) Mechanical properties of a sintered compact are affected by the reaction during heating. Sintered water atomized Al powder, contains a large amount of adsorbed gases to clarify the reactions on the powder surface during the PCP sintering process. Argon gas atomized powder, which has a clean surface, was sintered and the heat generation at the contact point of the Al particles was evaluated quantitatively.
Experimental Procedure
The starting materials were water and gas atomized Al powder. SEM micrographs of the starting powder are shown in Fig. 1 . The water atomized powder shows an irregular shape, and the gas atomized powder shows a sphere shape. Table 1 shows the purity, hydrogen content, oxygen content, and the mean particle size of the starting powder.
Pulsed current pressure sintering apparatus (Sumitomo coal mining: SPS-1050) and conventional hot press sintering apparatus (Tokyo shinku) were used for sintering the Al powder. Figure 2 shows a schematic diagram of the PCP sintering apparatus. A sample powder poured into the conductive mold is pressed by the water cooled electrodes and heated to sinter by a pulsed current. An HP apparatus is a kind of uniaxial compressive sintering method which employs a graphite heater to heat the sample powder. Table 2 shows the sintering schedule in this experiment. Although rapid heating (1.5∼3 Ks −1 ) is one of the unique characteristics of the PCP sintering process, a low heating rate of 0.3 Ks −1 was used to confirm the HP process. The temperature of the powder is different from that of the mold during sintering. The sintering temperature was corrected by preliminary experiments. The holding period means the lapsed time while setting the temperature. Powder was pressed at 28 MPa during the heat up period. The sintering pressure shown in Table 2 was loaded when the temperature reachead the holding temperature.
The density of the sintered specimen was measured using the Archimedes principle. The hydrogen and oxide content were analyzed by the thermal conductivity method and the infrared absorption method, respectively. The electric resistivity was measured by the four-point probe method. Microstructures were examined by an optical microscope (OM) and a scanning electron microscope (SEM). The oxide layer was observed by a transmission electron microscope (TEM). The specimens for the tensile tests were cut using a wire electric discharge machine out of sintered compacts. Tensile tests were performed using a screw-driven testing machine at room temperature. Figure 3 shows the changes in the density of the water atomized Al powder compact sintered by the PCP sintering and the conventional HP sintering processes. The density of the specimen sintered at 773 K by the PCP sintering method was higher than that of the HP specimen, but it did not reach the value of the theoretical density of pure Al, 19) which is 2.7 Mgm −3 after a 3600 s holding period. When the powder was sintered at 873 K, the density reached was about 2.7 Mgm −3 after a 300 s sintering period by the PCP sintering method. In case of the HP specimen, the value reached 2.7 Mgm −3 after 1200 s holding period. The PCP sintering method densified the water atomized Al powder for the shorter sintering period. Figure 4 shows the tensile strength and the elongation of the compact sintered at 873 K. The tensile strength and the elongation of the compact sintered by the PCP sintering process reached about 90 MPa and 50%, respectively within 300 s. The value of the HP specimen reached almost the same as the specimen by the PCP sintering process after an 1800 s sintering period.
Results and Discussion

Sintering of water atomized Al powder
On the Al powder surface, H 2 gas is generated by reactions among Al oxide, hydroxide and metal as described below. 18) 2Al
At temperatures above 420 K, the hydroxide is decomposed. When the out gassed water vapor is trapped in the sintered compact, densification of the Al powder is inhibited by the Al oxide and H 2 gas generated by the reaction with the trapped water vapor. Figure 5 shows changes in the hydrogen content in the sintered specimen with the sintering period. The hydrogen content of the specimens sintered by the PCP and the HP sintering processes for 300 s were less than 10 ppm and more than 60 ppm, respectively. The hydrogen content in the HP specimen decreased as the sintering period increased because of the diffusion of hydrogen. The value of the HP specimen reached that of the PCP sintering process after a sintering period of 1800 s. The oxygen content of the specimens sintered by the PCP and HP sintering processes were 1% mass and 0.5% mass, respectively. These values were largely unaffected by the sintering period. Oxide was generated more in the PCP sintered compact than the HP compacts. This result can be reasoned by the assumption 8, 15, 17) of a high temperature region at the contact points of the Al particles. When the reaction of the decomposition of hydroxide begins at 420 K, the Al powder compact has many open pores. Water vapor can be out gassed from the specimen. When the sintering temperature reached 620 K (starting temp. of reaction (2)), the amount of water vapor decreased in the HP sintering process. In the case of the PCP sintering process, oxide and hydrogen were generated at the high temperature region at the contact points of the Al particles, so that the amount of oxygen was supposed to be larger than that of the HP sintered compact.
A higher content of oxygen seems to decline the tensile strength and elongation of the sintered compact, but does not affect the mechanical properties. As shown in the TEM photo of the interface of the Al particles in the PCP sintered compact (Fig. 6) , the oxide layer on the Al powder was broken into a granular shape. The shape of the starting material of the water atomized Al powder particles were irregular as shown in Fig. 1 , so the oxide layer was broken because of the shear deformation during sintering. High mechanical properties were achieved due to the breakdown of the oxide layer. Fig. 6 The oxide layer of the specimen between Al particles sintered by the pulse current pressure sintering method at 873 K for 1.8 ks under a load of 40 MPa. Fig. 7 Changes in density of sintered gas atomized Al powder compact by the pulse current pressure sintering and the hot pressing method.
Sintering of gas atomized Al powder
As shown in Fig. 7 , the density of the sintered compact by both the PCP and the HP sintering processes reached about 2.7 Mgm −3 at a 300 s holding period. Compared to the water atomized powder, densification progressed at a shorter sintering period. One of the reasons is that the gas atomized powder has a clean surface with a low amount of adsorbed gas which inhibits the densification. The other reason is that a high solids filling ratio was achieved by compressive force because of the sphere shape of the powder. 20) Figure 8 shows the tensile strength and elongation of the gas atomized Al powder compacts sintered by the PCP and HP processes. The mechanical properties of the PCP sintered compact were in excess of those of the HP compact at almost all sintering conditions. Since the sintered density was almost equal between both methods, the difference of mechanical properties was caused by difference of joint strength of each of the Al particles. Fractuatred surfaces after the tensile test are shown in Fig. 9 . The dimple pattern was not observed at the fractured surface of the HP sintered specimen, but was observed at the PCP sintered compact. This means that the joint between the Al particles in the PCP sintered compact was stronger than that of the HP sintered one. The metal bonded region between the Al particles is supposed to be increased by the breakup of the oxide layer during the PCP sintering process. Figure 10 shows the oxide layer of gas atomized Al powder compacts sintered at 813 K for 600 s by the HP and PCP sintering processes. Both of the oxide layers showed a film shape while the oxide layer in the water atomized powder compact showed a granular shape as shown in Fig. 6 . The tensile strength of the gas atomized compact was lower than that of the water atomized powder compact because the oxide layer in the water atomized compact was broken up with more force than that of the gas atomized powder compact. The oxide layer in the HP compact had some cracks, but was not segmentised. In Photo (b), segments of the oxide layer can be observed. Oxide layer segmentation affects the electric resistivity of a sintered compact. Figure 11 shows electric resistivity plotted against the sintering period. The electric resistivity of the PCP compact sintered for 300 s was 3.1 × 10 −6 m, and it decreased a little when the sintering period become longer. This value of the HP compact sintered for 300 s was higher 0.2∼0.3 × 10 −6 · m than that of the PCP compact. In the case of the HP compact sintered at 873 K, 3600 s (12 times longer than PCP compact) was needed to produce the same resistivity as the PCP compact. This means that the PCP sintering process can effectively break up the oxide layer in a short period.
Discussion of the heating mechanism
Since the PCP sintered compact was densified in a shorter period and had larger tensile strength than that of the HP process carried out in the same sintering conditions, the difference could be caused by use of pulse current to heat the sample powder. We assumed that the pulse current generates a highly heated region at the interfaces of the Al particles, which leads to the break up of the oxide layer. In order to verify this assumption, the heating mechanism of the PCP sintering process of Al powder was examined.
A mold, punches and sample powder play the role of a Fig. 9 Fractured surface of the sintered compact after a tensile test. These specimen were sintered by (a) the hot pressing method and (b) the pulse current pressure sintering method at 873 K for 300 s under a load of 40 MPa.
heater in the PCP sintering process. According to literature, [9] [10] [11] [12] [13] when isolation like ceramics were sintered by the PCP process, the temperature of the mold was higher than that of the specimen. When electric conductor like metals were sintered, the temperature of the specimen was higher than that of the mold. That is to say, no heat transfer occurred to the conductive sample powder from the mold during heating, so the sample powder is heated by only the Joule heat of the powder itself. By examining the heat mass generated at each Al particle, the Joule heat generated at the interface of the particles can be quantified. Figure 12 (a), is a case that a sphere particle of radius r, was deformed by pressure, P, at a temperature, T . Total heat quantity, Q tot , generated by Joule heating of the particle is expressed by eq. (3).
I : current passing through an Al particle R tot : total electric resistance of an Al particle The resistance of a particle, R tot is expressed as a series circuit of resistance of a particle body, R m , and a contact resistance, R c , by eq. (4)
R m is expressed by eq. (5) 21) Fig. 10 The oxide layer of the specimen which was sintered by (a) the hot pressing method and (b) the pulsed current pressure sintering method at 813 K for 600 s under a load of 40 MPa. Fig. 11 Electric resistivity of gas atomized Al powder compacts sintered by the pulse current pressure sintering and the hot pressing method.
Here, A = (r 2 − r S x : cross-sectional area of Al particle at x apart from the center r 0 : radius of contact area Hence,
In the early stage of PCP sintering, the sample particles do not contact each other at every point of the interface, but they contact in spots like Fig. 12(b) . In this case, the electric resistance of the interface is expressed by the concentration resistance, R c . Concentration resistance occurs when the electric current is narrowed down as shown in Fig. 12(c) . This is expressed by eq. (7).
22)
a: radius of contact point Contact points are formed a lot at the interface. They are connected in parallel, and the resistance of the interface is expressed by,
N : number of contact points Thus, the Al particle can be treated as an assembly of the resistances shown in Fig. 12(d) . The whole resistance which is necessary for Joule heat of an Al particle is described by eq. (9). This is rearranged by substituting (6), (8) into (4) .
On the other hand, we argue about the heat quantity necessary for heating of an Al particle. The temperature increase per one pulse of current, ∆T , is expressed by eq. (10).
v t : heating ratio t 0 : conducting period of a pulse current In order to increase the temperature ∆T , a heat quantity of Q is needed.
c Al : specific heat of the Al V : volume of an Al particle ρ Al : density of the Al Assuming that this heat was generated by only the Joule heat of a particle, we can estimate the current passing through a particle per one pulse current from eqs. (3) and (11) . In this experiment, the sintering conditions are t 0 = 40 ms 23) and v t = 0.3 K/s, so the temperature increase per one pulse of current can be estimated as 0.012 K from eq. (10). Heat quantity at 570 K, to increase an Al particle 0.012 K, is obtained to be 1.75 × 10 −8 J from (11) . We can estimate the Joule heat generation at the contact point using the value of current passing through a contact point calculated from the value of current passing through and Al particle from the eq. (3). In the meantime, eq. (8) of the contact resistance works out when we assume that the surface of an Al particle is clean without an oxide layer. As the strong oxide layer exists in nature, this equation stands only at the region of the metal-metal direct contact point where the oxide layer is broken down. The electric current is considered to pass through these cracks in the PCP sintering process. We can estimate the heat generation, Q, at a contact point of the crack of the oxide layer using eq. (8) . Judging from the TEM photo of the HP specimen ( Fig. 10) , the size of the cracks made by axial pressure is about 10 nm in diameter. It means that 2a = 10 nm in eq. (8) . Assuming that the number of metal-metal contact points are, N = 10, 50, 100, 500 and 1000, the calculated value, Q is plotted on a logarithmic graph against the value N in Fig. 13 . The heat generation greatly increases as the contact points derease. The number of cracks in the oxide layer estimated from the TEM photo of the HP specimen is about 50∼100/µm 2 . Heat generation at the crack of oxide is calculated to be 5 × 10 −15 ∼1.5 × 10 −15 J from Fig. 13 . Assuming that all of this generated heat goes to the temperature increase of the contact point and the size of the contact point (= crack of oxide layer (thickness is about 5 nm 24) )) is 10 nm in diameter and 10 nm in thikness, then, the temperature increase at the crack region is calculated from eq. (11) to be about 700∼2700 K. Since the average temperature of the powder, T is 570 K, the temperature of the crack region is at least T + ∆T = 1270 K, which is higher than the melting point of Al (933 K). Fluidity and heat expansion of the contact region become greater, so the oxide is considered to be broken up. In the case that the ∆T = 2700 K, the energy given to this region is enough to break up the oxide layer. Thus, the electric current which flows through the contact region of the Al particle is supposed to play a great role in the sintering of Al powder.
Conclusion
Water atomized and gas atomized Al powder was sintered by pulse current pressure (PCP) sintering and hot press (HP) sintering processes. The microstructure and mechanical properties between these sintering methods were compared to estimate the sintering mechanism of the PCP sintering process. Results obtained are as follows:
(1) Water atomized powder contains a lot of adsorbed water in its oxide layer. Hydrogen gas generated by the reaction of the adsorbed water and the Al was out gassed in a short time by the PCP sintering process. The PCP sintering process could densify the water atomized Al powder in a shorter time than the HP sintering process. Although oxide was generated during sintering by the PCP sintering process, the tensile strength was higher than that of HP sintered compact. This is the reason that the oxide layer on irregularly shaped Al particles is easily broken up by shear deformation.
(2) Although gas atomized powder has a clean surface with less adsorbed gas than water atomized powder, the tensile strength of a gas atomized powder compact by PCP and HP sintering processes was lower than that of a water atomized powder compact. The reason is that the oxide layer on the sphere shaped Al particle is less broken up by shear deformation.
(3) The metal-metal contact of each Al particle in the PCP sintered compact was made at the cracks of the oxide layer. Joule heat generation at the contact region is greatly affected by the number of cracks at this region. The temperature increase of the contact region is roughly estimated to be 700∼2700 K by one pulse current during the PCP sintering process. Energy provided by pulsed current is supposed to play a great role in the sintering of Al powder.
